Introduction
============

A tumour is denoted as a tissue mass resulting from abnormal growth. This growth can be benign or malignant. Benign tumours are usually not invasive and can be removed surgically without recurrence. In contrast, malignant tumours grow uncontrollably, and frequently recur or metastasize after treatment because tumour cells can invade neighbouring or distant tissues. The formation of a malignant tumour includes a lengthy, reversible pre-cancerous stage \[[@b3]\]. Although much has been learned about these processes, the mechanisms underlying initiation, progression, metastasis and recurrence of cancer have not been fully elucidated despite decades of intensive investigations by thousands of dedicated cancer researchers.

Extensive investigations have revealed, however, that cancer is a class of complicated genetic diseases \[[@b4]\]. Carcinogenesis is a complex, multistep process by which a normal cell is stressed and transformed into cancer cells. This often requires concordant expression of a number of genes, including multiple genetic and epigenetic changes in oncogenes, tumour-suppressor genes, cell-cycle regulators, cell adhesion molecules, DNA repair genes and genetic instability as well as telomerase activation \[[@b4]\]. However, little is known about how a normal cell is initiated to transform into cancer cells.

Previous research has revealed that a cancer consists of various types of tissue components, including phenotypically heterogeneous cancer cells, stromal cells, and vasculature. While heterogeneous cancer cells are believed to be malignant, the stromal cells and vascular cells of cancer have been considered to be derived from normal progenitors \[[@b7]\], although controversy exists regarding this assumption \[[@b9]\]. Based on the heterogeneity of cancer cells, several models have been proposed to explain cancer development. The stochastic model claims that all cancer cells can reproduce phenotypically heterogeneous cell types in new tumours. However, this model cannot explain why cancer is highly heterogeneous. The CSC hypothesis may resolve the issue: it emphasizes that only a tiny population of cancer cells has the capability to produce phenotypically heterogeneous cells in new tumours; other cells only have limited proliferative capacity. Accordingly these cells have stem-like properties, having the capability of self-renewal and multipotency of differentiation, and thus are called CSCs \[[@b11]\]. However, this hypothesis is controversial and has been challenged by recent studies \[[@b16]\], which argue for a long-standing cancer model, well known as clonal evolution \[[@b8]\]. The clonal evolution model claims that normal cells mutate and generate abnormal offspring that also mutate, forming a mass of genetically varied cancer cells. At least two hits of oncogenic mutation may be required \[[@b4]\]. Practically, clonal evolution as a mechanism appears to underlie CSC development \[[@b2]\].

Recently we have experimentally identified a new type of cancer cell from murine lymphoma \[[@b21]\], representing an early stage of CSC development but similar to pre-cancer in clinical origin, having the potentials of both benign and malignant differentiation. Therefore we named these cells 'pCSCs'\[[@b2]\]. The pCSCs have the features of both normal and malignant (cancer) stem cells ([Table 1](#tbl1){ref-type="table"}). Regardless of their origin, multiple genetic alterations reflect that the pCSCs have evolutionarily undergone multi-step oncogenic mutations \[[@b2]\]. The development of pCSCs appears to be regulated by a GS cell protein, called Piwil2 \[[@b2]\], which might subvert gene expression including ES cell genes in TICs \[[@b2]\].

###### 

Functional comparison between NSCs, pCSCs and CSCs

          Self-Renewal   Multi-potency of Differentiation   Genomic instability   differentiation induced cell death (DICD)   Piwil2   Tumourigenesis in recipients   
  ------- -------------- ---------------------------------- --------------------- ------------------------------------------- -------- ------------------------------ -----------------------
  NSCs    \+             \+                                 --                    --                                          --       --                             --
  pCSCs   \+             \+                                 \+                    \+ (MIN)                                    \+       +++                            SCID but not BMR mice
  CSCs    \+             --                                 \+                    +/++? (MIN/CIN?)                            --/+?    ++                             SCID & IC mice

MIN: micro-satellite instability; CIN: chromosomal instability.

The terminology of TIC and CSC has been used interchangeably \[[@b22]\]. Since a cancer may develop from the cells with accumulated, mismatching-repaired DNA damages or oncogenic mutations induced by cell stress or carcinogens \[[@b24]\], a TIC should denote a carcinogen-stimulated progenitor that is either abortively or fully developed into CSCs during tumourigenesis. In this review, the term TICs is used practically to denote the cells with oncogenic mutations prior to developing into pCSCs to avoid the conceptual confusion between TICs, pCSCs and CSCs. Theoretically all cells that are hit by carcinogens have the potential to develop into TICs. Practically the cellular process of TIC → pCSC → CSC → cancer should parallel the histological process of hyperplasia/metaplasia (TIC) → pre-cancerous lesions (pCSC) → malignant lesions (CSC → cancer) \[[@b2]\].

Although the CSC hypothesis has attracted many cancer researchers during the last few years, the understanding of CSCs is still limited particularly because it has been difficult to isolate CSCs at the single-cell level based on their phenotype and to establish clonal CSC lines. Thus, the cellular and molecular mechanisms underlying CSC development remain elusive. The establishment of a series of stable, clonal pCSC and CSC lines in our laboratory may shed light on CSC research (\[[@b2]\] and L. Chen *et al*. unpublished data. Herein, I review the progress of CSC research and discuss the potential cellular and molecular mechanisms underlying the initiation and progression of CSCs based on lessons from pCSCs. To strengthen the discussion on the topic, we will introduce some unpublished important observations from my laboratory.

Stem cells and cancer stem cells
================================

There are several models for cancer development. Can these models be unified by the CSC hypothesis? The answer may be 'yes'.

Properties of stem cells
------------------------

Stem cells are characterized as the cells that can differentiate into multiple cell types and can maintain the multi-potency of differentiation through self-renewal. They play a crucial role in all aspects of biology, from the development of early embryos to the repair and maintenance of adult tissues. There are at least two types of stem cells: embryonic stem (ES) cells and adult tissue stem (ATS) cells. ES cells are the cells that are derived from the inner cell mass of an early-stage embryo, called a blastocyst. They are pleuripotent and give rise during development to cells of all three primary germ layers: ectoderm, endoderm and mesoderm \[[@b33]\]. A number of transcription factors are required for the maintenance of pleuripotency, such as Oct4, Rex1, Sox2, and TDGF1 \[[@b33]\]. Interestingly these factors have been frequently detected in various types of cancer \[[@b34]\].

Unlike ES cells, ATS cells that reside in various tissues in foetal and adult human and animals are multi-potent and can differentiate into tissue-committed cell types, such as haematopoietic stem cells (HSCs) in the bone marrow (BM) and blood, neuronal stem cells in the brain, hepatic stem cells in the liver, and GS cells in the testis and ovary \[[@b39]\]. GS cells may be pleuripotent \[[@b41]\]. ATS cells maintain a continuous supply for tissue repair throughout adult life through a process termed *self-renewal*. Although ATS cells are essentially not pleuripotent, increasing data suggest that they have the potential for transdif-ferentiation \[[@b42]\].

Self-renewal is a type of cell division or proliferation specifically used in reference to stem cells. Self-renewed stem cells maintain their property of multi-potency of differentiation, and indefinitely supply pro-genitors required for replenishing relevant tissues. The progenitors may have a multi-potent capacity of differentiation, such as multi-potent progenitors (MPP) in BM \[[@b45]\], but they have little or no self-renewal capacity. Thus, self-renewal is a critical feature of stem cells. When stem cells divide, one or both 'daughter' cells can retain the properties of parent cells, rather than differentiate into progenitors. Under physiological conditions, stem cells maintain a small but stable and highly efficient pool in tissues ([Fig. 1](#fig01){ref-type="fig"}). For example, the HSC pool comprises only about 0.01% of marrow cells, but supplies more than 1 × 10^9^ blood cells of various types per day \[[@b48]\].

![Self-renewal of stem cells and development of CSCs. HSCs maintain their homeostasis via asymmetry (A) and symmetry division (B). In homeostatic environment, HSCs divide asymmetrily to supply progenitors required for replenishment of blood. Once the injured HSCs lose the capacity of self-renewal (C), the healthy HSCs divide symmetrily. Once homeostasis is recovered, HSCs turn off programs for symmetry division. The mutating HSCs (TICs) may develop into pCSCs and CSCs (D), whereas the mutating progenitors (TICs) can acquire the capacity of self-renewal, developing into pCSCs and CSCs (E). Eventually the progenies of CSCs lose control in proliferation, occupying the space for normal HSCs and progenitors. HSC: haematopoietic stem cell; TIC: tumor-initiating cell.](jcmm0012-0067-f1){#fig01}

To maintain homeostasis of the stem cell pool, stem cells usually divide asymmetrically. Asymmetric cell division produces two daughter cells that exhibit distinct fates: one self-renewed daughter stem cell remains the same as parent cells, while the other may differentiate into progenitor cells or undergo programmed cell death (apoptosis). The progenies further differentiate into lineage-restricted progenitors, such as common myeloid (CMP) and lymphoid progenitors (CLP) in the haematopoietic system \[[@b45]\]. With hierarchical differentiation, HSCs gradually lose their capability of self-renewal. While the stem cell pool is reduced, stem cells also divide symmetrically, or proliferate, to expand or recover the reduced pool. In this case, the two daughter cells retain the same properties as the parent cell. If the stem cells lose the capacity of self-renewal, the stem cell pool will be withered, leading to diseases ([Fig. 1](#fig01){ref-type="fig"}).

The fate of stem cells is determined by environmental cues referred to as the stem cell niche, which consists of stromal or accessory cells, cytokines and developmental growth factors \[[@b39]\]. Physiologically the balance between self-renewal and differentiation of stem cells is strictly regulated by the stem cell niche \[[@b49]\]. The property of self-renewal of stem cells is also called 'stemness', which is controlled by a number of stemness genes some of which are yet to be determined \[[@b52]\]. Interestingly the genes that regulate self-renewal of ATS cells are oncogenic, too, and can be detected in various types of cancer cells. The best studied is *Bmi*-1, an oncogene encoding a polycomb group transcription factor that is required for self-renewal of normal stem cells (NSCs) and CSCs \[[@b14]\]. However, ATS cells such as HSCs appear not to express ES cell-related genes such as Oct4, Rex1, Sox2 and TDGF1 \[[@b2]\].

Cancer stem cell hypothesis
---------------------------

As introduced above, there are several models describing cancer development, such as the stochastic model and the clonal evolution model \[[@b4]\]. The mainstay of these models is that they essentially involve multiple genetic alterations, thus converging to the model of clonal evolution \[[@b18]\]. These models claim that all cancer cells have the capability to reconstitute a new tumour \[[@b17]\]. However, the CSC hypothesis emphasizes that only a small population of stem-like cancer cells can reconstitute new tumours with all the cell types of the original tumour, while other cancer cells have limited capacity for proliferation and lack multi-potency of differentiation \[[@b14]\]. However, most important is that the CSC hypothesis should explain the entire process of tumour development ([Fig. 2](#fig02){ref-type="fig"}). In the clinic, pre-cancer, an important stage of cancer development, is highly heterogeneous and reversible \[[@b3]\]. Accordingly pre-cancer should be mediated by pCSCs rather than CSCs, and pCSCs should have the potential for regression or progression, such as the capacity of benign and malignant differentiation as we have observed in animals \[[@b2]\].

![The cancer stem cell hypothesis. Cancer is developed from CSCs that are derived from a TIC insulted by car-cinogens. The TIC can be a stem cell or a progenitor cell and the latter can acquire stemness when progressing to pre-cancerous lesion. With the accumulation of epigenetic and genetic alterations, TICs develop into pCSCs, which have the potential for benign and malignant differentiation depending on environment cues. A qualitative mutation of onco-genes or tumor suppressor genes in pCSCs may render the loss of benign potential of differentiation and commitment to CSCs. The CSC can develop into a tumour with cellular heterogeneity because of its capacity of self-renewal and multi-potency of differentiation, as well as reconstitute a new tumour distant from original tumours. Histologically the proliferation of TICs may result in hyperplasia and metaplasia, the progression of TICs to pCSCs may be responsible for dysplasia or pre-cancer, and the commitment of CSCs ultimately leads to irreversible adenocarcinoma or carcinoma. Moreover, pCSCs and CSCs may also serve as the precursors of tumour stromal components, such as the pre-cursors for tumour vasculogenesis: TVPCs. The cancer stem cell hypothesis explains the whole process of tumour development from a TIC to tumour at the histological, cellular, and molecular levels. Here gastric intestinal cancer is used as a cartoon model \[[@b4]\]. TICs: tumour initiating cells; LOH: Loss of heterozygosity; MIN: micro-satellite instability; CIN: chromosomal instability; TVPCs: tumour vasculogenic stem/progenitor cells.](jcmm0012-0067-f2){#fig02}

The concept of the CSC hypothesis is not novel, but remains to be precisely defined. Experiments spanning several decades have shown that only a small subset of cancer cells can form a new tumour when transferred into a new recipient. The clonal nature of these cells implicated in various malignancies led to the postulation of CSCs in the past by several laboratories \[[@b11]\]. However, the concept of CSCs was first experimentally documented for human acute myelogenous leukemia (AML) in 1994 \[[@b63]\]. Not until 2003 had CSCs been isolated from solid cancers, including cancers of breast, brain, prostate, colon, ovarian, and pancreas \[[@b12]\], although the corresponding stable cell lines have not yet been established *in vitro*. Recently we have experimentally defined the property of pCSCs \[[@b2]\], rendering possible the integration of the CSC hypothesis with various models of cancer development.

While clonal evolution dissects the molecular basis of cancer development, the CSC hypothesis pinpoints the same cellular origin of the primary, metastatic and recurrent cancer. The gap between these two models can be resolved with identification of pCSCs \[[@b2]\]. The existence of pCSCs in tumours strongly implies that CSC can be derived from the precursors through a mechanism of clonal evolution, or that the target cells of clonal evolution are the pre-cursors of CSCs. Our preliminary studies suggest that the progression of pCSCs to CSCs is associated with hierarchical genetic alterations, a process resembling clonal evolution \[[@b2]\]. Therefore, the concept of clonal evolution may be integrated into the CSC hypothesis: CSCs are a small population of stem cell-like cancer cells, derived from a precursor undergoing clonal evolutionary pre-cancerous mutations. Whether pCSCs progress to CSCs depends on the effect of environmental cues on the clonal evolution \[[@b2]\].

Like ATS cells in tissues, CSCs represent a rare cell population in tumours. They have stem-like properties, reconstituting new tumours with all the cell types presented in the tumour of origin \[[@b12]\]. It should be noted that the stem-like property of pCSCs and CSCs does not mean that they are exactly the same as NSCs with regard to the capacity of self-renewal and multi-potency of differentiation. Their capacity for self-renewal is impaired and multi-potency of differentiation is incomplete, compared to NSCs \[[@b2]\]. While CSCs have been ascribed to metastasis and recurrence of cancer, and considered to be anti-cancer-drug resistant despite of controversies \[[@b14]\], pCSCs exist particularly within the established tumour \[[@b2]\]. The CSC hypothesis may explain why cancer cannot be eradicated by vigorous therapy \[[@b69]\]. Elucidation of molecular mechanisms underlying CSC development would provide novel therapeutic targets for cancer.

Development of pre-cancerous and cancer stem cells
==================================================

Are CSCs derived from a diseased stem cell or from a progenitor that has acquired stem-like properties during cancer development? Current studies indicate that both are possible. Do pCSCs represent a distinct stage of developing CSCs or are they the same as CSCs? At present pCSCs may be considered as a precursor of CSCs with a clonal evolutionary relationship to the CSCs.

Origin of pre-cancerous and cancer stem cells
---------------------------------------------

While pCSCs are considered as the precursors of CSCs, the ultimate origin of CSCs has not been completely resolved. Based on limited literature, the origin of CSCs can be ATS cells, progenitors or actively replenished proliferating cells such as the precursors of epithelial cells \[[@b4]\]. This may be true. Since multiple genetic mutations are required for cell transformation, sufficient cell cycles are necessary for accumulating the DNA-damage-induced mutations \[[@b62]\]. Both ATS cells and progenitor cells are pro-liferating cells, and therefore go through sufficient cell cycles to accumulate oncogenic mutations during their life. The ATS cells are long-lived cells going through relatively few cell cycles, and may be the primary targets of accumulation of oncogenic mutations \[[@b22]\]. However, the progenitor cells are actively proliferating and differentiating cells, some of them may also have sufficient cell cycles to accumulate oncogenic mutations within the relatively short term compared with ATS cells. This may explain why hyperplasia, metaplasia and dysplasia are frequently observed in the basal cell layer of epithelioid tissues, such as cervix and breast. As a result, the progenitor cells (TICs) may acquire stem-like properties, developing into pCSCs and CSCs. For an example, in blast-crisis chronic myelogenous leukemia (CML), the granulocyte-macrophage progenitors are able to retrodifferentiate into leukaemic stem cells (LSCs) through acquiring the capacity of self-renewal \[[@b72]\]. Therefore, CSCs may be derived from stem cells or proliferating progenitors ([Fig. 1](#fig01){ref-type="fig"}).

It is important to further elucidate which types of cells are most susceptible to oncogenic mutations induced by carcinogens. ATS and tissue-uncommitted stem cells might be more susceptible to developing into pCSCs and CSCs than other progenitors \[[@b73]\], and the pCSC might be more plastic than CSCs. Stem cell-derived pCSCs might transdifferentiate into various types of cancer cells \[[@b2]\]. For example, Helicobacter infection-induced gastric CSCs appear to be transdifferentiated from BM HSCs or progenitors \[[@b74]\]. The hepatoid cells derived from haematopoietic pCSCs might retrodifferentiate to pCSCs or CSCs in the presence of the appropriate environmental cue \[[@b2]\] ([Fig. 3](#fig03){ref-type="fig"}). Overall, we consider CSCs a subset of cancer cells possessing stem-like properties, and pCSCs are the precursors of CSCs regardless of their origin.

![The model of cancer stem cell development. TICs that are adult stem cells or proliferating progenitors insulted by carcinogens may develop into pCSCs or die of programmed cell death during accumulation of epigenetic and genetic alterations. The fates of pCSCs are determined by environmental cues, and they either develop into CSCs or differentiate into benign tissue cells. Both pCSCs and CSCs are susceptible to differentiation-induced cell death (DICD). Piwil2 and piwil2-regulated genes (PRG) such as ES cell genes are subverted in pCSCs, contributing to the stemness of pCSCs, albeit abnormal.](jcmm0012-0067-f3){#fig03}

Initiation and progression of pre-cancerous stem cells
------------------------------------------------------

Since the CSC hypothesis was revived, CSCs have been experimentally identified in haematopoietic and solid cancers \[[@b12]\]. However, how CSCs are initiated from stem or progenitor cells is largely unknown. Genetic studies have revealed that a malignancy such as human colorectal cancer, a classical genetic model of tumourigenesis \[[@b4]\], undergoes multistep epigenetic alterations and oncogenic genetic mutations \[[@b4]\]. Both epigenetic and oncogenetic alterations may occur throughout the colorectal cancer development, from tumour initiation (hyperplastic polyp; HP), pre-cancer (adenomatous polyp; AP) to cancer (adenomatous carcinoma; Ad-ca). For epigenetic alterations, HPs demonstrated DNA hypermethylation in some specified markers \[[@b79]\] but had no significant difference in the global DNA methylation compared to normal mucosal tissues (Shen *et al*., unpublished data). In the pre-malignant (AP) and malignant (Ad-ca) lesions, global DNA was progressively hypomethylated, while the estrogen receptor (ER)-α gene was hypermethylated in the same manner. Importantly, the global DNA hypomethylation and ER-α gene hypermethylation were synchronically reversed by non-steroidal anti-inflammatory drugs (NSAIDs) such as cyclooxygenase-2 (Cox-2) selective inhibitor celecoxib in AP but not in Ad-ca, suggesting that the epigenetic alterations between pre-cancer and cancer are fundamentally different in responding to anticancer therapy ([Fig. 2](#fig02){ref-type="fig"}).

Similarly, genetic alterations may also occur early in some but not all HPs, such as the mutation of oncogene *BRAF* or *KRAS*\[[@b80]\]. The loss of heterozy-gosity (LOH) of the APC (adenomatous polyposis coli) gene, which is located on the human 5q21-q22 chromosome, appears to be responsible for epithelial dysplasia (AP) of the colon. The dysplastic lesion progresses to early adenoma with aberrant DNA methylation. The early adenoma advances to intermediate adenoma because of the mutation of the oncogene KRAS, a member of the Ras gene family, which is located on the 12q12.1 chromosome. The mutation of *DCC* or *DPC4/SMAD4* located at the 18q chromosome further drives the pre-malignant lesion to late adenoma. The progression of the late adenoma to carcinoma has been shown to be associated with p53 mutation \[[@b4]\]. Among these stages, the dysplasia and early adenoma, but not later adenoma, represent reversible pre-cancerous lesions ([Fig. 2](#fig02){ref-type="fig"}). These pre-cancerous lesions, like in other organs such as breast and cervix \[[@b27]\], have the potential to either regress to normal tissue or progress to cancer, depending on the quality of accu-mulated mutations.

It should be noted that the mutation of the so-called oncogene does not necessarily result in cell transformation. Increasing data have revealed that many oncogenes such as Ras seem also to act as watchdogs against carcinogens. The fates (senesces, apoptosis, proliferation or transformation) of Ras-activated cells are dependent on its dose and cellular context \[[@b82]\]. While the multi-potency of differentiation of NSCs is well programmed and accurately regulated, the differentiation programs are supposedly randomly activated in pCSCs and CSCs upon interaction with the tumourigenic niche \[[@b2]\].

According to the CSC hypothesis, multi-step histological and molecular alterations in colorectal cancer implicate the existence of pCSCs. In other words, the formation of pre-cancerous lesions should be mediated by pCSCs ([Fig. 2](#fig02){ref-type="fig"}). In PTEN-deficient mice, intestinal stem cells proliferate excessively, resulting in intestinal polyposis, a typical pre-cancerous lesion of colon cancer \[[@b28]\], suggesting that the PTEN-deficient intestinal stem cells act as pCSCs. The identification of 'cancer-initiating cells' in patients with colon cancer further supports the hypothesis, although whether these cells are pCSCs and/or CSCs have not been clearly defined \[[@b64]\]. Despite the increased understanding of molecular events of tumour initiation, the early molecular signature common to all types of cancer has not been defined. Thus, how is a TIC changed into a pCSC? The molecular mechanism underlying the switch is unknown. To elucidate this mechanism, it will be critical to directly isolate pCSCs or establish more pCSC lines from either animal or human pre-cancerous lesions.

Clonal evolutionary relationship of pre-cancerous stem cells to cancer stem cells
---------------------------------------------------------------------------------

Isolation of pCSCs from established tumours as well as stem-like cancer cells from human tumour cell lines \[[@b2]\] suggests that pCSCs persist in various stages of tumour development (\[[@b2]\] and L. Chen *et al.*, unpublished data). Interesting questions are what is the relationship between pCSCs and CSCs in an established tumour and are pCSCs distinct from CSCs? In a setting of an established tumour, pCSCs may dynamically provide precursors of CSCs, amplifying the pool of terminal cancer cells. As a result, the tumour then contains many populations with different genetic mutations \[[@b2]\].

According to the CSC hypothesis ([Fig. 2](#fig02){ref-type="fig"}), while CSCs are supposed to inevitably reconstitute new tumours in the recipients \[[@b1]\], pCSCs may not necessarily reconstitute the tumours when transferred to recipients. The outcome of the transplant depends on environmental niches \[[@b2]\]. Additional genetic mutations may occur when pCSCs progress to cancer \[[@b2]\]. We have noticed that the karyotype of pCSCs are relatively stable compared to differentiated or terminal cancer cells \[[@b2]\]. While all the pCSC clones isolated from the same host exhibited the same karyotype, each differentiated cancer cell clone from the same mouse exhibited a remarkably different karyotype. The karyotype of the pCSCs were diploid with multiple chromosomal translocations, whereas the differentiated cancer cells had various aneuploid kary-otypes among the clones (\[[@b2]\] and L. Chen *et al.*, unpublished data). This suggests that chromosomal segregation is randomly disturbed during cell cycles when pCSCs progress to cancer cells. Consistent with this notion, few additional variable genetic alterations occurred when pCSCs progress to cancer \[[@b2]\]. These data suggest that pCSC clones stochastically evolved to CSCs with only a few additional genetic alterations. The notion is further supported by the observations in human and animal breast carcinoma. In a genetically engineered mouse (GEM) model of human ductal carcinoma, pre-malignant lesions that have major variable molecular and genetic changes with significant phenotype developed into invasive carcinoma only with few additional genetic changes \[[@b30]\]. In human beings, CD44^+^ CD24^−^ CSCs from individual breast tumours were clonally related but not always identical to CD44^−^ CD24^+^ cells \[[@b17]\], suggesting that few additional genetic changes rendered CD44^+^ CD24^−^ CSCs into CD44^−^ CD24^+^ cancer cells \[[@b12]\]. Taken together, clonal evolution may occur throughout the process of TICs → pCSCs → CSCs → differentiated cancer cells.

Characteristics of pre-cancerous *versus* cancer stem cells
===========================================================

The clonal evolutionary relationship between pCSCs and CSCs does make it difficult to phenotypically discriminate pCSCs from CSCs but does not obscure functional distinctiveness between pCSCs and CSCs.

Are there demarcations between pre-cancerous and cancer stem cells?
===================================================================

Clinically all types of cancer seem to have a lengthy pre-cancer stage, which is histologically distinct from cancer \[[@b3]\]. The pre-cancer is reversible and may regress or progress to cancer. Once a pre-cancer develops into an invasive cancer, the latter is irreversible and often fatal. It has been shown, however, that the majority of cancer phenotypes can be demonstrated early in the pre-cancerous lesions in the GEM model \[[@b3]\], consistent with the notion that CSCs are hierarchically developed from pCSCs \[[@b2]\]. Thus, the difference between pCSCs and CSCs may be minimal in phenotype, but distinct especially in biological function \[[@b2]\].

Ideally, a comparison between pCSCs and CSCs with regard to the phenotype, epigenetic and genetic alterations, and the capacity of tumour reconstitution may generate substantial information to distinguish pCSCs from CSCs. However, while CSCs have been identified in various types of human cancer \[[@b12]\], only few pCSC lines or CSC lines have been established from these cancers, hampering their characterization. In addition, it would be difficult to distinguish human pCSCs and CSCs using tumour reconstitution assay in animals as we have done for murine pCSCs and CSCs \[[@b2]\]. In the murine system, pCSCs and CSCs can be discriminated based on their capacity for tumourigenesis in the animal models with different environmental cues \[[@b2]\] ([Table 1](#tbl1){ref-type="table"}). The current human CSC xenotransplantation models do not in practice discriminate CSCs from pCSCs \[[@b12]\]. Thus, animal models with a competent human immune system are required for the human CSC researcher, although it is a difficult task to establish such a model. At present, investigation of pCSCs and CSCs of animals may shed light on human pCSCs and CSCs \[[@b2]\].

Mainstay of pre-cancerous stem cells: the potential for both benign and malignant differentiation
-------------------------------------------------------------------------------------------------

In our laboratory, we have experimentally defined pCSCs, which have the potential for both benign and malignant differentiation, depending on environmental cues \[[@b2]\]. This can be a functional demarcation between pCSCs and CSCs. The pCSC-derived benign cells may not be typically 'normal'. They can be subnormal but not malignant or tumourigenic. Both pCSC and pCSC-derived benign cells might remain quiescent or dormant in tissue or undergo apoptosis because of differentiation-induced cell death (DICD) \[[@b2]\]. The quiescent benign cells, like parental pCSCs, might retrodifferentiate into CSCs, resembling a 'time bomb' waiting to explode once tumourigenic niches are formed ([Fig. 3](#fig03){ref-type="fig"}).

Once pCSCs have progressed to CSCs or cancer cells, they should have lost the capacity of benign differentiation ([Table 1](#tbl1){ref-type="table"}; [Fig. 3](#fig03){ref-type="fig"}). The functional definition for pCSCs appears to be reliable, because we have successfully established a CSC clone (326T) from a mouse with thymoma, which does not have the potential for benign differentiation (L. Chen *et al.*, unpublished data).

A tumourigenic assay, therefore, is important for distinguishing pCSCs from CSCs ([Table 1](#tbl1){ref-type="table"}; [Fig. 4](#fig04){ref-type="fig"}). Three murine models, including severe combined immunodeficient disease (SCID), lethally irradiated bone marrow-reconstituted (BMR) and immunocompetent (IC) mice, may be useful and necessary for the assay \[[@b2]\]. SCID mice provide an environment defective in immunosurveillance \[[@b87]\], allowing pCSC expansion *in vivo* to form tumours; BMR mice provide a recovering immune system and regenerative niches to check pCSCs that are progressing to cancer cells and to drive pCSCs to replenish the regenerating tissues, respectively; and IC mice provide a fully competent immune system to combat the pCSCs that are progressing to CSCs. Thus, SCID mice are used to test the tumourigenic capacity of the tested cells; BMR mice can be used to determine the capacity of benign differentiation and self-renewal of pCSCs, and IC mice can be used to determine whether the cells tested are pCSCs or CSCs ([Fig. 4](#fig04){ref-type="fig"}). In fact, while pCSCs are checked by immunosurveillance \[[@b2]\], CSCs are able to evade immunosurveillance and develop into tumours in IC mice (L. Chen *et al.*, unpublished data).

![Establishment of clonal pCSC and CSC lines. Single tumour cells are cultured in regular or conditioned medium until tumour cells grow out and demonstrate a stable cell line. Then the cells are cloned by limiting dilution. The cloned cell lines are analysed phenotypically by flow cytometry, and the Lin -- CD44^+^ cells with ambiguous stem cell markers are subjected to in vitro CFC assay and *in vivo* functional assay. SCID: SCID mice; BMR: lethally irradiated bone marrow-reconstituted mice; IC: immunocompetent mice.](jcmm0012-0067-f4){#fig04}

Conserved *versus* volatile phenotypes for pre-cancerous and cancer stem cells
------------------------------------------------------------------------------

Traditionally, phenotype is used to define the lineage, population or subset of cells. The phenotype of human CSCs appears to be variable probably because of their tissue of origin and random genomic alterations \[[@b12]\]. Most CSCs have been characterized using the putative markers that identify normal ATS cells \[[@b22]\].

The putative markers for CSCs appear to be variable with the tissue of origin, except for CD44. In human AML, CSCs or LSCs exhibited the phenotype of CD34^+^ CD38^−^, indistinguishably from normal HSCs \[[@b63]\]. In breast cancer, CD44^+^ CD24^−^/low Lin^−^ cells have CSC activity \[[@b12]\]. In multiple myeloma, about 5% of the cells in the bulk population were syndecan-1 (CD138) negative, and possessed in vitro clonogenic potential \[[@b89]\]. Stem cells from brain, prostate, and colon cancers have been shown to express the cell surface marker CD133 \[[@b22]\]. Laboratory tumour cell lines, the majority of which are transplantable and contain a small sub-population of stem-like cells that is enriched in a side population (SP), expressed a high level of CD44 \[[@b85]\]. Usually the SP has stem cell activity \[[@b66]\] and is associated with the expression of ATP-binding cassette (ABC) transporter Bcrp1/ABCG2 \[[@b92]\]. However, ABCG2^−^ stem-like cancer cells seem to be more primitive than ABCG2^+^ CSCs \[[@b90]\]. The pCSC clones established in our laboratory did not express ABCG2 \[[@b2]\], in contrast to a CSC clone (326T), which we have recently established (unpublished data). All the human CSCs identified so far might contain pCSCs. Whether ABCG2 expression is a marker that distinguishes pCSCs from CSCs requires further investigation \[[@b90]\].

The haematopoietic murine pCSC lines established in our laboratory are CD45^−^ c-kit^−^ Sca-1^−^ Lin^−^ (KSL)^−^ CD44^+^ CD24^−^\[[@b2]\], subtly distinct from the CSC clone (326T): CD45^+^ KSL^−^ CD44^+^ CD24^+^ . The density of CD44 on CSCs was relatively lower than on pCSCs (L. Chen *et al*., unpublished data). This observation suggests that the adhesion molecule CD44, a transmembrane receptor that is over-expressed in most primary cancers and associated with tumour progression \[[@b93]\], is ubiquitously expressed on pCSCs and CSCs. CD117 (c-kit) and Sca-1 (stem cell antigen-1), which are the markers for HSCs \[[@b97]\], have been implicated as markers for progression of various types of cancer \[[@b100]\]. In contrast to HSCs \[[@b97]\], both the pCSCs and CSCs isolated from murine lymphoma and thymoma, respectively, did not express CD117 and Sca-1, both of which, however, were up-regulated when pCSCs were progressing to cancer \[[@b2]\], consistently with clinical observations of human cancers \[[@b100]\]. Therefore, haematopoietic pCSCs and CSCs appear to share a common phenotype: KSL^−^ Lin^−^ CD44^+^; however, no definitive marker(s) so far can be used to discriminate between pCSCs and CSCs. Broadly the common phenotypic features between haematopoietic pCSCs and CSCs may be Lin^−^ CD44^+^ with variable levels of stem-like markers. More pCSC and CSC lines are needed to verify the stem-like phenotype of cancer cells: Lin^−^ CD44^+^ . Once the stem-like phenotype of cancer cells has been determined, in vivo tumourigenesis assays appear to be a gold standard to discriminate pCSCs from CSCs \[[@b2]\].

Genetic instability of pre-cancerous and cancer stem cells
----------------------------------------------------------

Logically the molecular signature of pCSCs and CSCs should be determined by a spectrum of subverted activation or suppression of oncogenes caused by genetic instability. Two forms of genomic instability have been described for colorectal cancers: chromosomal instability (CIN) and micro-satellite instability (MIN/MSI) \[[@b103]\]. CIN in tumour cells invariably leads to aneuploidy, while cells with MIN are usually near diploid \[[@b106]\]. Either CIN or MIN may lead to reverted activation or suppression of oncogenes. Although MIN and CIN were initially reported as mutually exclusive, the association of CIN or MIN with certain tumour types remains controversial \[[@b107]\]. Analysis of karyotype of pCSCs and cancer cells from the same mouse revealed that all the pCSC clones analysed were pseudodiploid with multiple chromosomal translocations, whereas cancer cells were usually aneuploid \[[@b2]\]. Interestingly, a CSC clone (326T) recently established in our laboratory is also diploid, but the frequency of chromosomal translocations was not increased compared to pCSCs (L. Chen *et al*., unpublished data), suggesting that the malignancy of cancer cells is determined by qualitative (oncogenic) rather than quantitative (non-oncogenic) alterations in genome. Certainly increased genomic instability is believed to be correlated with the increased probability of oncogenic mutations. CIN, usually defined as an accelerated rate of chromosome missegregation during cell division, is thought to result from mitotic defects at checkpoint genes \[[@b103]\]. Taken together, the genetic instability of pCSCs and CSCs may exhibit as MIN, which might transit to CIN when pCSCs and/or CSCs progress to cancer ([Fig. 2](#fig02){ref-type="fig"}). Thus, MIN (diploidy or pseudodiploidy) might be a genomic feature of pCSCs and CSCs, whose ability to transit to CIN may account for the malignant potential and poor prognosis of cancer. To verify the hypothesis, more pCSC and CSC lines need to be established and analysed in animals and human beings.

The transition from MIN to CIN may increase the gene dose of mitotic defects in a given pCSC or CSC, promoting its proliferation and differentiation. In fact, the low frequency of pCSCs and CSCs in tumours reflects their limited capacity for proliferation, compared to other cancer cells \[[@b2]\]. Thus, the ploidy of cancer cells might be one of the parameters for distinguishing pCSCs or CSCs from their progenies, although the genomic features are indistinguishable between pCSCs and CSCs.

Subverted expression of embryonic and germ line stem cell genes in pre-cancerous stem cells
-------------------------------------------------------------------------------------------

Since pCSCs and CSCs have the capacity of self-renewal similarly to NSCs, the molecules that regulate the self-renewal of stem cells may also be utilized by pCSCs and CSCs. Like ATS cells such as BM CD34^−^ Lin^−^ , pCSCs expressed all the stem cell-related and tumourigenesis-related genes tested except for ABCG-2 \[[@b2]\], including *Bmi-1*\[[@b108]\], *Notch-1*\[[@b109]\], *Fzd2*\[[@b110]\], *Fzd5*\[[@b111]\], β-*catenin*\[[@b112]\], *Smo*\[[@b113]\], *c-Myc*\[[@b114]\], *Flt3*\[[@b115]\], *Bcl-2*\[[@b116]\] and *stat-3*\[[@b52]\]. Importantly pCSCs also expressed ES cell- and GS cell-related genes, including *POUF1/Oct-4*\[[@b117]\], *TDGF1/Cripto*\[[@b118]\], *Zfp42/REX1*\[[@b119]\], *SOX2*\[[@b120]\] and *piwil2*\[[@b121]\], which are not expressed in normal ATS cells \[[@b2]\]. However, only the GS cell gene *piwil2* is stably expressed in all clones of pCSCs examined. ES cell-related genes *Pouf1/Otc4*, *TDGF1*, and *Zfp42/REX1*, which are required for maintenance of pleuripotency, were ambiguously expressed. These ES cell-related genes might confer 'pleuripotency' upon pCSCs, because the haematopoietic pCSCs were able to transdifferentiate into various types of benign tissue cells in BMR mice or even in SCID mice while coexisting with cancer cells \[[@b2]\].

In contrast to pCSCs, CSCs expressed fewer ES cell-related genes and significantly lower levels of *piwil2*. Among the ATS cell-related and tumourigenesis- related genes mentioned above, *Smo* and *Notch-1* were significantly up-regulated in CSCs (L. Chen *et al.*, unpublished data). Although the significance of the difference in expression of these genes is not yet clear, the difference certainly implicates a distinct molecular signature between pCSCs and CSCs. The establishment of clonal pCSCs and CSCs in our laboratory ensures further precisely defining the molecular signatures of pCSCs versus CSCs.

Contributions of pre-cancerous and cancer stem cells to tumour malignancy
=========================================================================

One of the factors that determine tumour malignancy is the growth rate of parenchymal cancer cells, which are supported by stromal components such as vasculature. Our study suggests that pCSCs may serve as precursors of both parenchymal and stromal cells.

Can pre-cancerous and cancer stem cells serve as the precursors of tumour stromal cells and tumour vasculogenic stem/progenitor cells?
--------------------------------------------------------------------------------------------------------------------------------------

A tumour is *de facto* a neoplastic organ that loses control of growth. Its malignancy is essentially determined by its capacity for growth, angiogenesis, invasiveness, and metastasis. As an entity of neo-organ, a tumour consists of various components, including stromal components such as fibroblastic stromal cells and vasculature and parenchymal cancer cells. However, the origin of the stromal components is essentially unknown. The prevailing concept is that stromal cells and vascular endothelial cells are derived from normal precursors \[[@b8]\], which are stimulated by growth factors such as vascular endothelial growth factor (VEGF) produced by tumour cells including CSCs \[[@b122]\]. However, the concept of tumour angiogenesis has been challenged by clinical investigation, which demonstrated that the tumour vasculature can be derived from tumour cells, called vasculogenic mimicry \[[@b123]\], although this is controversial \[[@b126]\]. Tumour angiogenesis denotes a process of the formation of tumour vasculature from pre-existing blood vessels or circulating endothelial progenitor cells (EPCs), which is mainly mediated by the VEGF family produced by host or tumour cells \[[@b127]\]. In contrast, tumour vasculogenesis is a process of the formation of new blood vessels from tumour-derived TVPCs, which can be mediated by the same factors for angiogenesis. The discovery of pCSCs implicates that tumour stromal cells and vasculature may be derived from the same precursors of cancer cells. pCSCs have been shown to develop into hepatoid cells and endothelial-like cells in regenerative tissues \[[@b2]\]. This finding prompted us to explore whether pCSCs contribute to tumour vasculature. In support of the hypothesis, we have observed that pCSCs not only produce VEGF and angiogenic factors but also serve as TVPCs ([Fig. 2](#fig02){ref-type="fig"}). In the pCSC-derived tumours, tumour neovascularization seems mainly mediated by the mechanism of tumour vasculogenesis rather than by angiogenesis, suggesting that tumour vasculogenesis is crucial for tumour growth \[[@b193]\]. Encouraged by this finding, we have successfully established a cell line from a murine lymphoma, composed of mesenchymal stem cells, lymphoid blast cells and endothelial cells (Q. Yan *et al.*, unpublished data). Experiments are in progress to determine whether these cell components are derived from the same precursor. Thus, like normal organs, which are replenished by tissue stem cells, the tumour stromal components may be replenished by pCSCs and/or CSCs, although a normal precursor could not be excluded.

Does the frequency of pre-cancerous and cancer stem cells in tumours determine the growth rate of cancer?
---------------------------------------------------------------------------------------------------------

The frequency of pCSCs and CSCs in tumours may be highly variable; for example, the frequency of CSCs in human colon cancer varies 10 times or more between individuals \[[@b23]\]. It is not clear whether the variation is associated with the cancer prognosis. However, in breast cancer, CD44^+^ CSCs seem to correlate with poor clinical outcome \[[@b17]\], suggesting that the frequency of CSCs might be a predictor of cancer prognosis.

In contrast to the putative CSCs in solid tumours \[[@b12]\], the frequency of LSCs is extremely low in the human AML, approximately 0.1--1 per million AML blasts \[[@b63]\]. The cell capable of initiating human AML in non-obese diabetic mice with severe combined immunodeficiency disease (NOD/Scid) mice possesses the differentiative and proliferative capacities and the potential for self-renewal expected of an LSC \[[@b75]\]. By tracking individual human LSCs in NOD/Scid mice serially transplanted with AML cells, LSCs were found not to be functionally homogeneous but, like the normal HSC compartment, comprise distinct hierarchically arranged LSC classes \[[@b129]\]. In this experimental model, two important features for LSCs/CSCs were revealed: some LSCs are quiescent or divided rarely and underwent self-renewal rather than commitment after cell division; and normal developmental processes are not completely abolished during leukaemogenesis \[[@b129]\]. These features implicate that some so-called LSCs might be at the pre-cancerous stage of development.

Consistently, pCSCs isolated from mouse lymphoma had very low engraftment in the BMR and blastocyst-complemented chimera (BCC) mice \[[@b2]\]. The low engraftment of pCSCs may be related to their unique property, in that pCSCs are distinct from both NSCs and CSCs. Essentially the programs of self-renewal and multi-potency of differentiation in pCSCs are impaired. The defects might be lethal for some renewed individual cells in a non-tumourigenic niche. Thus, pCSCs might not be as efficient as NSCs in engraftment in the presence of non-tumourigenic cues and not as ready as CSCs to evade immune surveillance \[[@b2]\]. In contrast, they are potently engrafted and dramatically expanded in immuno-compromised recipients or tumourigenic niches. The growth rate of pCSC-derived tumours in SCID mice is much higher than that of the tumours derived from differentiated cancer cell lines of the same origin \[[@b2]\], strongly suggesting that both frequency of pCSCs and environmental niches determine the growth rate of tumour.

Are pre-cancerous and cancer stem cells associated with metastatic cancer?
--------------------------------------------------------------------------

It is well received that metastasis or recurrence usually occurs in the patients with invasive or advanced cancers, but rarely in those with pre-cancerous lesions. However, metastatic tumour cells usually are multi-potent with characteristics of embryonic pro-genitors and are reprogrammable in embryonic environments \[[@b130]\], resembling pCSCs \[[@b2]\]. Based on the CSC hypothesis, the pre-cancerous lesion is believed to be mediated by pCSCs. However, the pre-cancerous lesion lacking metastasis does exclude the possibility of pCSCs migrating or metas-tasizing to distant organs once a pre-cancer pro-gresses to invasive cancer. Actually in some cases, metastasis may occur at the same time or before the primary cancer is discovered. This might be accounted for by pCSC and CSC metastasis. After arriving in a secondary site the metastasized pCSCs might proliferate and differentiate into CSCs and cancer cells, undergo benign differentiation or apoptosis, be eliminated by the mechanism of immune surveillance, or remain as solitary dormant cells, depending on environmental niches \[[@b2]\]. Activation of dormant pCSCs and CSCs at secondary sites may account for the recurrence of cancer \[[@b131]\]. It is possible that the dormant pCSCs and CSCs could be activated by intensive cancer therapy such as chemotherapy and radiotherapy \[[@b69]\]. Elucidation of these potential mechanisms will greatly benefit cancer therapy. In fact, we have observed that pCSCs migrated away from the site of injection in SCID mice could differentiate into benign or malignant cells at secondary sites, such as in the liver \[[@b2]\].

Understanding of the mechanisms underlying pCSC and CSC migration and colonization is important for developing strategies to prevent cancer metastasis. Recently it has been demonstrated that some tissue stem cells such as neural stem cells can selectively migrate to the site of cancer -- the phenomenon of moving towards the diseased area is called pathotropism \[[@b133]\]. This implicates an important biological mechanism underlying cancer metastasis. Do pCSCs and CSCs have the ability of pathotropism? It is worthwhile to clarify the issue. For example, is the site of inflammation a destination of pCSC and CSC migration? If so, what is the driving force for the migration? As discussed above, pCSCs, CSCs, and various types of differentiated cancer cells may coexist in established tumours. It is likely that pCSCs and CSCs are the origin of metastatic cancer, which not only provide the precursors of differentiated cancer cells, but also supply the need for the buildup of cancer stromal components such as tumour neovasculature. Better characterization of the capability and destination of pCSC and CSC migration as well as the niches required for their expansion and differentiation will facilitate the understanding of the mechanisms underlying cancer metastasis.

Clonal evolution underlies the development of TICs → pCSCs → CSCs
=================================================================

A critical question is how the oncogenic program is initiated or activated in TICs? Epigenetic alterations induced by carcinogens in TICs may be an initial step of carcinogenesis. Is clonal evolution contradictory to the CSC hypothesis? The answer may be 'no'. In contrast, increasing evidence indicates that clonal evolution is a feature of TICs → pCSCs → CSCs, and can be integrated into the context of the CSC hypothesis.

Tumour initiation (TIC → pCSC): epigenetic alterations precede genetic mutations
--------------------------------------------------------------------------------

As discussed above, the CSC hypothesis holds that CSCs can give rise to a tumour in tumourigenic niches ([Fig. 2](#fig02){ref-type="fig"}). The CSCs are supposed to be developed from a TIC (which can be a stem or progenitor cell) with the capacity of self-renewal although this ability is impaired. However, little is known about how a TIC develops into CSCs, although extensive investigations have revealed that human tumourigenesis is a complex, multi-step process often requiring concordant expression of a number of genes \[[@b4]\].

Regardless of the origin of CSCs, the initial step of carcinogenesis may start from epigenetic changes of the affected cells or TICs \[[@b135]\], which are induced by cellular stresses or carcinogens. *In vitro* studies revealed that exposure of mammary stem/progenitor cells to estrogen led to aberrant methylation of tumour suppressor genes and clonal expansion of progeny epithelial cells (Tim H. Wang, personal communication). These epigenetic changes prevailed in primary breast tumours, and were even detected in 'normal breast tissue' adjacent to tumour \[[@b136]\]. The phenomenon, which is called 'field or geographical effect', was also observed in colon cancer \[[@b137]\]. These observations implicate that epigenetic alteration precedes genomic alteration. The 'field effect' might be associated with the aberrant methylation of proliferating epithelial progenitors in the area, or the existence of pCSCs, which, like normal ATS cells, could replenish normal tissue surrounding the tumour. It would be interesting further to investigate whether genetic mutations occurred in the breast stem/progenitors exposed to estrogen *in vitro*.

The immediate outcome of epigenetic changes is probably genetic mutations of oncogenes. These mutations, however, may not necessarily lead to malignant changes of the TICs. In some experimental models, it is clear that two hits of mutation produce only a benign precursor lesion and additional genetic events are necessary for a malignancy \[[@b20]\]. Analysis of human pre-cancerous and cancerous gastric lesions revealed that quality rather than quantity of an oncogene mutation determined the outcome of the mutation. While p53 mutation was found in gastric metaplasia, dysplasia and carcinoma at comparable frequency, the malignancy of the mutation was determined by the exons affected. Mutation of exons 5, 6 and 7 of p53 is usually associated with pre-cancerous lesions, whereas exon 8 is closely linked with gastric cancer. LOH or deletion of p53 and APC (anaphase-promoting complex) is always associated with malignant phenotypes: poor differentiation, vascular invasion, lymph node metastasis, and short survival time \[[@b139]\]. These observations suggest that non-deletional mutation versus LOH of tumour suppressor genes may determine whether pCSCs could progress to CSCs in gastrointestinal cancer.

Taken together, the benign differentiation potential of pCSCs may explain the development of pre-cancerous lesions, whereas the loss of the potential may lead to the progression of pCSCs to CSCs, the latter being responsible for the malignant lesion. It would be interesting to investigate whether the LOH of tumour suppressor genes is a turning point for pCSCs progressing to CSCs. A CSC may have gone through cellular stress (carcinogens) → epigenetic alteration → non-deletional multiple genetic mutations → LOH of tumour suppressor genes ([Fig. 2](#fig02){ref-type="fig"}). As discussed earlier, CIN/aneuploidy is likely found in the progenies of CSCs. This model might lead us to elucidate the mechanisms underlying CSC initiation.

Tumour progression (pCSC → CSC): additional dynamic genetic alterations
-----------------------------------------------------------------------

In tumourigenic environments, pCSCs undergo phenotypic, morphologic and genomic changes while forming tumours \[[@b2]\]. The phenotype of pCSCs derived from lymphoma changed from CD45^−^ KSL^−^ to CD45^+^ KSL^+^\[[@b2]\]. In this case, the lineage markers including CD3, B220, CD11b, Gr-1, Ter-119 and NK1.1 were all up-regulated concomitantly with up-regulation of HSC markers c-kit and Sca-1 \[[@b98]\]. c-kit, a transmembrane tyrosine kinase receptor encoded by proto-oncogene c-kit, and Sca-1, a glycosylphos-phatidylinositol- linked cell surface protein, have been identified as markers of cancer progression in various types of non-haematopoietic cancers \[[@b100]\]. Thus, c-kit and Sca-1 are unlikely the predictors for CSCs. Consistently, the 326T clone of CSC expressed neither c-kit nor Sca-1 (L. Chen *et al*., unpublished data).

Morphological changes were also observed while pCSCs were progressing to cancer *in vivo* and *in vitro*. Various types of cancers derived from pCSCs were found in SCID mice. Upon differentiating cytokine stimulation, some pCSCs exhibited differentiated morphology, although the differentiation is eventually aborted \[[@b2]\].

Although it is not clear whether the phenotypic and morphologic changes of pCSC-derived cells are associated with genomic alterations, it is conceivable that genomic alteration is dynamic when pCSCs progress to CSCs or cancer. Increased deletional mutation may be associated with increasing malignant potency of pCSCs in the tumourigenic niches depending on the genes involved, such as those involved in cell cycling, cell senescence (telomerase), cell adhesion and migration as well as tumour neovascularization \[[@b4]\]. Although the multiple genomic alterations are random, the quantitative alterations may eventually lead to qualitative changes. For example, the pCSC (clone 2C4)-derived tumour cell line exhibited an additional deletion of chromosome 10 and an add(14) in 90.6% (29/32) of the cells, while the other three cells had the dup(14) and a third copy of the del(15), thus showing karyotypic evolution in both clones of this line compared with the parental pCSC line \[[@b2]\]. These changes occurred dynamically *in vivo* within only a few weeks of transfer, whereas no significant change was observed for all clones of pCSCs during \>3 years of *in vitro* maintenance (our unpublished observations). These observations indicate that additional genetic alterations were required when pCSCs progress to cancer, although the precise genes affected by the evolution need to be explored further.

The dynamic genomic alterations of pCSCs progressing to cancer reflect a clonal evolutionary mechanism underlying CSC development. Clonal evolution has been considered as the mechanism underlying tumour development including metastasis before the CSC hypothesis was revived \[[@b17]\], and is continuing to challenge the CSC hypothesis. The validity of the CSC hypothesis has been called into question by Shipitsin *et al.*, based on the genetic difference between CD24^+^ and CD44^+^ cells in breast cancers \[[@b17]\]. However, the same authors recognized that the clonal evolution of genome involved intratumoural heterogeneity \[[@b17]\]. This suggests that CD24^+^ cancer cells could be progenies of CD44^+^ cancer cells, similarly to the pCSCs, which exhibited additional genetic changes along with phenotypic changes when they were progressing to cancer \[[@b2]\]. Thus, clonal evolution is not contradictory to the CSC hypothesis, and can be included in the context of CSC hypothesis underlying CSC development. Since the pCSCs that we tested are clonal lines derived from the single-cell level \[[@b2]\], the conclusion is more reliable compared with that from bulk cell populations.

Clonal evolution and niche effect
---------------------------------

Whether a TIC or pCSC evolves to CSCs depends on environmental cues \[[@b2]\]. In other words, is the progression of pCSCs to cancer not necessarily intrinsic? Tumourigenic niches have important impacts on pCSCs developing into CSCs or cancer \[[@b2]\]. The factors that affect DNA remodelling, rearrangements and/or chromosomal segregation, during cell cycles are critical for the evolution. These factors can induce further aberrant DNA remodelling, rearrangement and/chromosomal segregation in pCSCs, eventually leading to uncontrollable cell growth. Two recent studies have suggested that bad niches may drive good stem cells into bad ones \[[@b141]\]. Similarly, the pCSCs, a bad seed in a 'good' bed such as in BMR mice, may develop into benign tissue cells, whereas they develop into malignant cells in a 'bad' bed such as in SCID mice \[[@b2]\]. In BMR mice, tissue injury might provide an environment for pCSCs to transdifferentiate into corresponding tissue cells, while the recovering immune system can effectively eliminate malignant progenies of pCSCs, if any develops. In contrast, SCID mice provided tumourigenic niches in the absence of an adaptive immune system \[[@b2]\]. Certainly the precise niches affecting pCSC development need to be further characterized at the cellular and molecular levels.

Molecular pathways for the development of pre-cancerous and cancer stem cells
=============================================================================

Are there distinct molecular pathways between pCSCs, CSCs and NSCs? Current studies suggest that ES and GS cell-related genes are subverted in pCSCs and CSCs. Among them, *piwil2* may be important for the development of TICs → pCSCs → CSCs in various types of cancer.

Expression of embryonic, germ line and adult tissue stem cell-related genes in pre-cancerous and cancer stem cells
------------------------------------------------------------------------------------------------------------------

As discussed earlier, the self-renewal, pleuripotency and multi-potency of ES, GS and ATS cells are maintained and regulated by distinct genes. The pCSCs not only expressed ATS cell-related genes such as Bmi-1, Notch-1and Smo, but also ES cell-related genes Oct-4, TDGF-1, and REX1 and GS cell-related gene piwil2 \[[@b2]\]. While the levels of Bmi-1 and Notch-1 are comparable to CD34^−^ Lin^−^ HSCs, the level of Smo appears to be lower than in ATS cells \[[@b2]\], but up-regulated in CSCs (L. Chen *et al.*, unpublished data). The expression of ES cell-related genes in pCSCs is unstable, probably because of the high sensitivity of these genes to culture conditions or environmental cues. Piwil2 is stably expressed in pCSCs at a high level \[[@b2]\], suggesting that piwil2 might be a reliable marker for pCSCs. Consistently, piwil2 was ubiquitously detected in human pre-cancerous lesions of various organs \[[@b193]\]. ES and GS cell-related genes are usually undetectable in normal ATS cells, despite few reports implicating that ATS cells may also express ES cell-related genes \[[@b36]\]. Whether the expression is due to TICs and/or pCSCs in the individuals tested is an interesting issue.

CSCs, like pCSCs, expressed ES, GS and ATS cell-related genes as well. However, the expression pattern of these genes seems to be less stable compared to that observed in pCSCs. As compared to pCSCs, CSCs expressed fewer ES cell genes within an individual clone, up-regulated Smo transcripts, and down-regulated piwil2 transcripts (\[[@b2]\] and L. Chen *et al*., unpublished data). The ectopic expression of ES and GS cell genes in pCSCs and CSCs can be considered as 'atavism' of ATS/progenitor cells, which confer upon ATS cells the properties of ES cells, such as indefinite growth or immortalization.

Molecular pathways for self-renewal of pre-cancerous and cancer stem cells
--------------------------------------------------------------------------

Since pCSCs and CSCs have the capacity of self-renewal similarly to stem cells, the molecules that regulate the self-renewal of stem cells are also involved in this process in pCSCs and CSCs. Extra-cellular signals such as Notch, Wnt and Hedgehog have been found to link with self-renewal and maintenance of HSCs \[[@b112]\]. In fact, pCSCs expressed comparable levels of transcripts of the Notch-1 and β-catenin, though relatively low levels of Smo compared to CD34^−^ Lin^−^ HSCs \[[@b2]\] . However, Notch-1 expression was enhanced in CSCs (L. Chen *et al*., unpublished data). Notch signalling controls cell fate decisions during embryonic development and ATS cell self-renewal and differentiation. In cancer, Notch-1 is frequently deregulated, serving as either an oncogene \[[@b149]\] or a tumour suppressor \[[@b150]\]. Thus, its role in the development of pCSCs and CSCs needs to be determined.

*Bmi-1*, a member of the polycomb protein group (PcG) gene, appears to play a critical role for the self-renewal of NSCs and CSCs \[[@b55]\]. The PcG genes, which are transcriptional repressors, have an essential role in embryogenesis, regulation of the cell cycle and lymphopoiesis. Increased expression of *Bmi-1* promotes HSC self-renewal, probably through enhancing symmetrical cell division of HSCs and mediating a higher probability of inheritance of stemness through cell division. Loss-of-function analyses revealed that among the PcG genes, absence of *Bmi-1* is preferentially linked with a profound defect in HSC self-renewal \[[@b55]\]. Introducing genes known to produce AML into Bmi-1^--^/^--^ haematopoietic stem cells from foetal livers induced AML with normal kinetics. However, Bmi-1^--^/^--^ LSCs from primary recipients were unable to produce AML in secondary recipients. The result indicates that Bmi-1 is also required for self renewal of LSCs in the murine AML model \[[@b153]\].

Since the molecules governing the self-renewal of ATS cells were also identified in pCSCs and CSCs \[[@b2]\], it is likely that pCSCs and CSCs use the same molecular pathways as ATS cells to maintain their capability of self-renewal \[[@b60]\]. However, ectopic expression of ES and GS cell genes is unique for pCSCs and CSCs. Although the piwi protein is required for self-renewal of stem cells in various organisms \[[@b155]\], *piwil2* was not required for the self-renewal of adult HSCs, because the number and repopulation activity of HSCs from the BM of *piwil2*-disrupted mice was not affected \[[@b121]\]. Thus, the role of piwil2 in the self-renewal of pCSCs and CSCs remains elusive.

Role of piwil2 in the development of pre-cancerous and cancer stem cells
------------------------------------------------------------------------

Increasing data suggest that all tumours may arise from a cell undergoing cellular stress → epigenetic alterations → genetic mutations → inactivation of tumour suppressors and/or activation of oncogenes. However, it has been difficult to define a genetic marker for CSC development, because the onco-genic genes expressed in CSCs are usually over-lapped with those expressed in normal ATS cells, such as Bmi-1 and c-Myc\[[@b2]\]. Although ES cell-related genes, such as Oct-4, TDGF-1, REX1, and SOX2 may be subverted in pCSCs and CSCs, they are ambiguously and unstably expressed in these cells \[[@b2]\] or cancer cells \[[@b35]\]. In contrast, the GS cell gene or protein of piwil2 has been stably detected in pCSCs \[[@b2]\] and pre-cancerous lesions \[[@b193]\], suggesting that piwil2 may be unique for pCSC and CSC development.

*piwil2* (alias *mili* in mouse or *hili* in humans), which is exclusively expressed in GS cells of testis \[[@b121]\], is a member of the PIWI/Argonaute gene family \[[@b157]\]. The genes of the piwi family are defined by highly conserved PAZ (Piwi/Argonaute/Zwille) and Piwi (P-element induced wimpy testis) domains and play important roles in stem cell self-renewal \[[@b155]\], gametogenesis \[[@b121]\], small RNA-mediated gene silencing \[[@b158]\], and translational regulation in various organisms \[[@b158]\].

The PAZ domain is found only in Piwi/Argonaute proteins and Dicer. Argonaute proteins are the catalytic components of the RNA-induced silencing complex (RISC) \[[@b159]\], the protein complex responsible for the gene silencing via a mechanism of RNA interference (RNAi) \[[@b161]\]. Dicer contains two RNase III domains and one PAZ domain, and is a ribonuclease in the RNase III family that cleaves double- stranded RNA (dsRNA) and pre-micro-RNA (miRNA) into short double-stranded siRNA \[[@b162]\]. Dicer catalyzes the first step of RNA interference to generate siRNA and initiates the formation of the RISC. Argonaute proteins in the RISC serve as endonucleases to degrade messenger RNA (mRNA) via binding siRNA fragments, which are subsequently complemented to mRNAs \[[@b164]\].

The piwi is a protein domain homologous to piwi proteins in *Drosophila* and, like the PAZ domain, is present in PIWI/Argonaute gene family proteins \[[@b157]\], which bind and cleave RNA \[[@b162]\]. The proteins containing a PIWI PAZ domain (PPD) are called PPD proteins. In addition to RNAi, PPD proteins might play a role as cell-cycle regulators independent of RNAi and a role in chromosomal remodelling \[[@b164]\]. Piwi proteins, a subfamily of PIWI/Argonaute gene family, contain two important members, piwil1 (alias *miwi* in mouse or *hiwi* in human beings) and piwil2 \[[@b157]\].

There is no evidence so far that piwi protein is a component of the RISC \[[@b165]\]. It has been reported that piwi proteins, unlike Argonaute proteins, seem not to be associated with micro-RNA (miRNA) or siRNA \[[@b166]\]. However, piwi proteins do have target RNA cleavage activity, independent of Dicer \[[@b165]\]. Both piwil1 and piwil2 were found to bind a novel class of RNA called piwi-interacting RNA (piRNA) or repeat-associated small interfering RNAs (rasiRNAs) in mammal testis \[[@b165]\]. They may silence the selfish genetic elements, such as retro-transposons, in the germ line cells of testis \[[@b167]\].

Dysregulated piwi protein expression appears to be associated with tumourigenesis \[[@b2]\]. Although piwil1 was up-regulated in seminomas \[[@b172]\], it was not detected in pCSCs \[[@b2]\]. In contrast, piwil2 was stably expressed in pCSCs and pre-cancerous lesions \[[@b2]\]. The *piwil2* was also detected in various human and animal tumour cell lines with variable levels (L. Chen *et al*., unpublished data and \[[@b173]\]), probably related to the number of pCSCs and CSCs in each line. *piwil2*, which is mapped to chro-mosome 8 in human beings and 14 in mouse and encodes a 3069-nucleotide mRNA, and a 971- amino-acid protein (109.5 kD), is exclusively expressed in GS cells of testis \[[@b121]\]. It is likely that ectopic expression of *piwil2* may contribute to the development of pCSCs and CSCs, because knocking down of *piwil2* mRNA led to contained pCSC proliferation *in vitro*, and consistent over-expression of *piwil2* in BM cells led to enhanced proliferation \[[@b2]\]. Over-expression of piwil2 in NIH3T3 cells led to inhibition of apoptosis and promotion of proliferation *via* the Stat3/Bcl-X(L) signalling pathway \[[@b173]\].

However, the role of *piwil2* in pCSC and CSC development may be more complex than we expected. For example, while ectopic expression of piwil2 in Lin^−^ BM cells promoted their proliferation, the event was followed by the formation of an embryonic body-like colony, and eventually these cells became apoptotic (\[[@b2]\] and Y. Yin *et al*.,unpublished data). The morphologic changes of piwil2-expressing cells were fre-(c) quently observed before cell death, suggesting a disturbed process of cell differentiation. In an autoreactive T cell-induced pre-cancer model, piwil2 was ectopically activated in pre-cancerous lesions of various organs, suggesting that piwil2 rapidly responded to cellular stress caused by carcinogens or inflammatory cytokines, and might be expressed before a TIC progresses to pCSCs. Moreover, several iso-forms of piwil2 have been identified and cloned in our laboratory, which might play differential roles in pCSC and CSC development. Importantly piwil2 regulated the expression of a number of genes, including genes of ES cells, ATS cells and oncogenes (Y. Yin *et al*., unpublished data). These observations suggest the diverse roles of piwil2 during pCSC and CSC development, which are probably related to its interaction with piRNA \[[@b167]\].

The mechanisms underlying piwil2 regulation of pCSC development are largely unknown. Since other PIWI/Argonaute family members are responsible for RNAi, DNA remodelling and cell cycling under physiological condition, ectopic expression of piwil2 may implicate that these pathways are disturbed by piwil2 in the TICs or pCSCs, leading to tumourigenesis. This may be an important model to explore common molecular pathways for cancer development of all origins.

Do embryonic stem cell-related genes confer upon pre-cancerous stem cells the capacity of transdifferentiation?
---------------------------------------------------------------------------------------------------------------

We have reported that pCSCs can transdifferentiate into various types of tissue cells in BMR mice, suggesting that these cells are uncommitted stem-like cells. One the other hand, these pCSCs were of haematopoietic origin \[[@b2]\], suggesting that they may have already been committed to the haematopoietic lineage. How can a pre-determined pCSC transdifferentiate into other tissue cells? This is an interesting issue, and the apparent contradiction may be reconciled by the 'atavic' expression of ES cell genes.

Transdifferentiation has been observed in various types of ATS cells \[[@b42]\] and probably in CSCs \[[@b35]\], although there have been great controversies \[[@b44]\]. Our observations suggest that the transdifferentiation may be related to sub-verted expression of ES cell genes in pCSCs, which confers upon pCSCs the 'pleuripotency' of differentiation, albeit incomplete \[[@b2]\]. Certainly, the transdifferentiation is pathologic, and may not be reproducible with normal counterpart ATS cells \[[@b179]\]. ES cell genes have been detected in normal and bulk cancer cells \[[@b36]\]. While there is no doubt that the cancer cells may contain pCSCs and CSCs, whether these normal cells contain TICs or pCSCs needs to be elucidated.

The experimental models for cancer stem cell research
=====================================================

CSC research is in its infancy. Since identification of CSCs in leukemia in 1994 \[[@b63]\] and in solid tumours in 2003 \[[@b12]\], we experimentally defined pCSCs in 2007 \[[@b2]\]. Practically distinguishing pCSCs from CSCs may be critical for differentiating diagnosis between pre-cancer and cancer as well as for early detection, prevention and treatment of cancer. However, experimental models for pCSC and CSC research are limited \[[@b8]\]. We would like to share our experiences with the reader ([Fig. 4](#fig04){ref-type="fig"}).

The roadblock for discrimination of human pre-cancerous and cancer stem cells
-----------------------------------------------------------------------------

The criteria for defining pCSCs and CSCs should include their unique phenotype, molecular signature and potential for reconstituting tumour. The pheno-type and molecular signature of pCSCs may be indistinguishable from CSCs, because of their hierar-chical development \[[@b129]\]. It is conceivable that the CSCs isolated from human haematopoietic and solid cancers might be a mixture of pCSCs and CSCs \[[@b12]\]. Owing to the low frequency and phenotypic heterogeneity of pCSCs and CSCs in tumours, it would be difficult to phenotypically discriminate pCSCs from CSCs, or CSCs from cancer cells \[[@b17]\]. Thus, it is necessary to establish a series of clonal cell lines for better characterization of pCSCs and CSCs at the cellular and molecular levels.

In the murine system, the potential of pCSCs and CSCs for reconstituting tumour can be tested in SCID, BMR and IC mice \[[@b2]\]. However, it would be difficult to test the potency of human pCSCs versus CSCs, because human tumour xenografts are not histocompatible in BMR and IC mice. Thus, the SCID mice with MHC-matched human immune system are required. At present this is a hurdle that is impossible to run over. However, the difficulty may be overcome by elucidation of niche requirement of pCSCs versus CSCs. Currently human CSCs are verified relying on their capacity of tumour reconstitution in the original (orthotopic) tissue, such as breast CSCs in the mammary gland \[[@b12]\] and brain CSCs in the brain \[[@b22]\]. However, this model does not distinguish pCSCs from CSCs. Pre-cancer appears to be distinct from cancer in engraftment after transplantation \[[@b3]\]. In an animal model of human breast cancer \[[@b27]\], while malignant tissues may grow out both orthotopically and heterotopically (ectopically), pre-cancer tissues grow out orthotopically rather than heterotopi-cally after transplantation \[[@b29]\]. This suggests that pre-malignant and malignant tissues require distinct growth niches. Thus, human pCSCs might be distinguishable form CSCs by their suitability for orthotopic or heterotopic xenotransplantation.

Approaches to establishing clonal pre-cancerous and cancer stem cell lines
--------------------------------------------------------------------------

To elucidate the cellular and molecular mechanisms underlying CSC development, clonal pCSC and CSC lines are required. By using the cell lines in combining with SCID, BMR, BCC and/or IC mouse models \[[@b2]\], one can investigate the environmental cues that have an effect on the tumourigenesis of pCSCs and/or CSCs, the mechanisms of tumour regression or progression underlying immunoediting \[[@b87]\], and the molecular signatures of pre-cancer and cancer. It might be difficult to investigate the molecular mechanisms underlying the development of pCSCs and CSCs in the light of the known dynamical genetic instability (DGI) of pCSCs and CSCs *in vivo*\[[@b2]\]. However, the DGI provides otherwise an opportunity to screen genes involving in the progression of pCSCs → CSC → cancer, because MIN in clonal pCSCs and CSCs are relatively genetically stable than CIN in other cancer cells (\[[@b2]\] and L. Chen *et al.*, unpublished data). With the identification of the *in vivo* biological phenotypes, one will be able to define relevant molecular signatures using various optimal genetic and biochemical approaches.

It is well known that not all tumours can give rise to immortalized cell lines. This may be related to the phenomenon that almost all tumour cells die during cultivation. Based on our experience, tumour cells may proliferate during the first few days of culture followed by massive apoptosis. Only a small number of tumour cells are resistant to spontaneous apoptosis in cultures. These cells may grow out in 6--8 weeks of cultivation \[[@b21]\], likely containing pCSCs and/or CSCs (\[[@b2]\] and L. Chen *et al.*, unpublished data).

We have developed two cultivation systems to establish clonal pCSC and CSC lines (\[[@b2]\] and L. Chen *et al.*, unpublished data). First, we establish immortalized tumour cell lines by long-term cultivation of bulk tumour cells \[[@b21]\]. During 6--8 weeks of cultivation, fibroblast-like cells grow out followed by non-adherent cells. It should be noted that one should not throw away the cultures within 6 weeks of cultivation if few cells are observed. In some cases, regular medium may not support tumour cell growth. To overcome this difficulty, we have developed a condition medium supporting HSC growth \[[@b2]\]. We have successfully established a CSC clone (326T) from a thymoma using the conditioned medium (L. Chen *et al*., unpublished data). For other types of tumours, relevant growth factors may be required but usually are not necessary. The immortalized cell lines should contain pCSCs and/or CSCs \[[@b2]\]. Alternatively, the purified pCSCs or CSCs based on phenotype may be cultivated directly. Based on our experience, however, we suggest that the success rate might be very low, because of the lack of supporting cells required for stem-like cells to grow out in cultures.

Following establishment of immortalized cell lines, pCSCs and CSCs should be cloned and characterized through a three-step procedure ([Fig. 4](#fig04){ref-type="fig"}). First, tumour cell lines are cloned by limiting dilution and then, the resultant clones screened for stem-like cells by lineage exclusion using flow cytometry. pCSCs and CSCs do not express Lin-specific markers but are CD44^+^\[[@b2]\]. Finally Lin^−^ CD44^+^ clones with ambiguous expression of stem cell markers are subject to functional assay.

Phenotypic characterization and functional verification of pre-cancerous and cancer stem cells
----------------------------------------------------------------------------------------------

Lin^−^ CD44^+^ phenotype seems reliable for pCSCs or CSCs \[[@b2]\]; other markers such as CD133 likely vary with cancer types \[[@b12]\]. It is unlikely that pCSCs and CSCs express a complete set of NSC markers. In contrast, some stem cell markers such as Sca-1 and c-kit \[[@b97]\] may be detected in later-stage cancer cells \[[@b2]\]. Thus, stem cell markers are unreliable for pCSCs and CSCs, and may be used as complementary markers. The loss of some ATS cell markers may be an important feature of pCSCs and CSCs. The SP population of tumour cell lines may contain pCSCs and CSCs, but not all of them, because more primitive CSCs seem not to express ABCG2 \[[@b90]\]. Whether the ABCG2-negative population represents pCSCs needs further investigation \[[@b2]\].

Based on phenotype, one cannot discriminate pCSCs from CSCs. Self-renewal and incomplete multi-potency of differentiation is the stem-like properties of pCSCs and CSCs, whereas benign or malignant differentiation potential is a functional demarcation between pCSCs and CSCs \[[@b2]\] ([Table 1](#tbl1){ref-type="table"}; [Fig. 3](#fig03){ref-type="fig"}). While serial transplantation is a gold standard for self-renewal activity \[[@b2]\], colony formation in soft agar or colony-forming cell (CFC) assays may also be used for screening of the clones for self-renewal activity \[[@b2]\]. The ability of single cells to achieve both benign and malignant differentiation in vivo is a gold standard for pCSCs. However, while it is difficult to test the freshly isolated pCSCs at a single-cell level \[[@b2]\], clonal cell lines derived from a single cell should be sufficient to verify the existence of pCSCs at the single-cell level \[[@b2]\].

Clinical implications: early detection, prevention and treatment *via* targeting of pre-cancerous and cancer stem cells
=======================================================================================================================

Since the CSC hypothesis has been revived in the last few years, the preventive and therapeutic targets for cancer have been shifting from terminal cancer cells to CSCs. Biomarkers unique for cancer but common to all types of cancer may exist in pCSCs and CSCs, which could be developed into novel tumour vaccines. Traditional chemotherapy has limitations in prevention and treatment of cancer. With the progress in CSC research, efficient immunoprevention and immunotherapy would be developed, despite the current setback in cancer immunotherapy \[[@b185]\].

A novel strategy integrating early detection and prevention for the cure of cancer
----------------------------------------------------------------------------------

The prevention and cure of cancer remains a major public health issue. Currently there is no safe and cost-effective therapeutic mode for human cancer, because of the lack of approaches to early detection and prevention. To prevent or cure cancer, an ideal therapeutic strategy should integrate approaches of early detection and prevention. TICs, pCSCs and CSCs are ideal targets for therapy. The ectopic expression of piwil2 and ES cell-related genes in pCSCs lends credence to early detection and prevention of cancer, because these genes were found to express at the very early stage of cancer development \[[@b2]\].

Traditionally, chemotherapy is widely used for cancer prevention and therapy. However, this therapeutic mode seems to be neither safe nor cost-effective. The fatal shortcomings of chemotherapy include that (a) the molecules targeted are required as well for normal development and/or survival of tissue cells; (b) each anti-cancer drug only targets a limited population of patients with the same cancer because the targeted molecules are not common for all cases of the cancer; and (c) most of the anti-cancer drugs inevitably breach immune systems, leading to immune tolerance or immunodeficiency. Therefore, even if an anti-cancer drug that specifically targets a common biomarker for TICs, pCSCs, and/or CSCs might be ideal for prevention and treatment of cancer, immunoprevention and immunotherapy may be more safe and cost-effective than chemoprevention and chemotherapy by avoiding generation of drug-resistant CSCs \[[@b187]\].

Potential of piwil2 for early detection of cancer
-------------------------------------------------

Although a large number of biomarkers for cancer have been identified, none of them are common for all types of cancer especially at early stages of cancer development \[[@b95]\]. For example, HER2, estrogen receptor (ER), progesterone receptor (PR) or Ki67 have been used as markers for breast cancer diagnosis. However, the lack of sensitivity and specificity preclude the use of these markers for early detection of breast cancer \[[@b182]\]. Moreover, these markers are not exclusively expressed in malignant cells and thus they are not appropriate to be used as therapeutic targets of breast cancer. In contrast, piwil2, which was found stably expressed in pCSCs \[[@b2]\], was detected in various stages of breast cancer, including pre-cancerous lesions (Liu *et al*., unpublished data). Thus, piwil2 has much higher sensitivity and specificity than HER-2, ER, PR and Ki67 for early detection of breast cancer. In addition to breast cancer, piwil2 can be detected in various types of cancer \[[@b2]\], suggesting that piwil2 has the potential to be used as a common biomarker for early detection of cancer.

Potential of pre-cancerous and cancer stem cells as a target for immunoprevention
---------------------------------------------------------------------------------

As discussed above, pCSCs and CSCs may exist in established tumours to replenish growing tumours \[[@b2]\]. Blocking this replenishment might lead to a cure for cancer. Based on the CSC hypothesis, elimination of pCSCs and/or CSCs can prevent the development of cancer. Since the development of pCSCs was suppressed in IC mice \[[@b2]\], we suggested that pCSCs can be used as a tumour vaccine. Pre-immunization of syngeneic mice with pCSCs prevented tumour reconstitution by a syngeneic tumour cell line unrelated to the pCSCs even 8 months later. Importantly, piwil2-specific T cells were detected in the mice which rejected tumours. This finding suggests that immune response to piwil2 may prevent cancer development, and thus piwil2 has the potential to be used as a vaccine for immunoprevention of cancer. The novel concept of immunoprevention through targeting of pCSCs or pre-cancerous lesions was further supported by another cancer model, which demonstrated that a biological response modifier (BRM) called Kaovaccine TM could prevent lung cancer development in the SP-C/p53-273H mice transgenic with mutated human p53 (p53-273H) under the transcriptional control of the lung-specific human surfactant protein C (SP-C) promoter \[[@b188]\], which spon-taneously developed lung adenocarcinoma after 4 months of age. Treatment of the transgenic mice with Kaovaccine TM at 12 months of age effectively prevented the development of lung cancer (J.-X. Gao *et al*., unpublished data).

Potential of pre-cancerous and cancer stem cells for the development of tumour vaccines
---------------------------------------------------------------------------------------

Large numbers of T-cell specific tumour antigens associated with testicular or embryonic antigens have been identified \[[@b118]\]. However, immunotherapy based on these tumour antigens has encountered unexpected setback in translational studies. This may be because none of the antigens stably and ubiquitously express in CSCs, and most of the tumour models used for immunotherapy are not physiological with regard to the process of tumour development. The vaccine activity of pCSCs as discussed above implicates that cellular vaccines derived from pCSCs and CSCs might be more efficient in prevention and treatment of human cancer. Thus, it is highly prospective to develop mono- or multivalent tumour vaccines via targeting of the molecules uniquely expressed in pCSCs and CSCs. In addition to piwil2, pCSCs ambiguously expressed ES cell genes, such as Oct-4, TDGF-1 and REX1 \[[@b2]\]. ES cell gene products have been detected in various types of cancer \[[@b36]\], and some of them such as SOX2 have demonstrated strong immunogenicity in patients with monoclonal gammopathy \[[@b192]\]. These interesting findings strongly implicate that tumour vaccines against pCSCs and CSCs might be safe and cost-effective in the prevention and treatment of cancer.

Concluding remarks
==================

Tumours have been considered as neo-organs in the body. Tumour malignancy is determined essentially by the degree of uncontrollable growth, angiogenesis and the capacity for metastasis. As an entity of neo-organ, tumour consists of various components, including parenchymal cells, stromal cells and vasculature. Like normal organs, the components of which are replenished by tissue stem cells, tumour components may be replenished by stem-like cancer cells, that is, pCSCs and CSCs. Therefore, pCSCs and CSCs may be essential for the maintenance of tumour malignancy, which depends on the outcomes of the interaction between stem-like cancer cells with tumourigenic niches.

As an organ, tumour is more likely to mimic bone marrow, in which rare numbers of HSCs are the source for the maintenance of blood components. HSCs can give rise to a large number of blood cells every day, but they never exceed the threshold required for homeostasis. In an established tumour, there is no homeostatic balance between pCSCs/CSCs and cancer cells. Small numbers of pCSCs and CSCs may constantly give rise to various tumour components as long as the tumourigenic niche exists. Thus, pCSCs and CSCs are the primary targets for cancer therapy.

The discovery of pCSCs allows us to further explore the factors that are responsible for benign or malignant differentiation of a developing CSC. A series of pCSC and CSC lines are definitely required for elucidation of the biochemical and genetic events involving clonal evolution during tumour development. The focused research may unveil the common cellular and molecular pathways for TIC → pCSC → CSC → cancer. Especially identification of the molecular signature unique for TICs, pCSCs and CSCs, respectively, would lead to early detection, prevention and treatment of cancer.
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Note added in proof
===================

After this article was accepted for publication, the following article was published, supporting the view-point proposed in this review that the progression of precancerous stem cells to cancer is associated with the mechanism of clonal evolution: **Hong D, Gupta R, Ancliff P, Atzberger A, Brown J, Soneji S, Green J, Colman S, Piacibello W, Buckle V, Tsuzuki S, Greaves M, Enver T.** Initiating and cancer-propagating cells in TEL-AML1-associated childhood leukaemia. Science 2008; 319: 336--9.

[^1]: MIN: micro-satellite instability; CIN: chromosomal instability.
